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Abstract 
For investigation of the risks associated with future geological storage of CO2, and for determining the minimum requirements 
for the quality of geological storage sites, detailed study of possible leakage mechanisms is necessary. Mechanisms for potential 
leakage from primary CO2 storage in deep saline aquifers have been studied. A buoyancy-driven flow of CO2 through a 
percolating network of permeable bodies in an otherwise sealing cap-rock has been simulated on a geological model of the 
overburden composed of geological features characteristic for a marine sediments. Channels and lobes from turbidite flows are 
significant constituents to form a possible leakage pathway in this study. 
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1. Introduction 
For geological storage to be a viable option, the overall stored CO2 must be kept out of the atmosphere for a 
sufficiently long time period. Assessing the effect of climate changes that occur in the far future due to CO2 
escaping from storage is not an exact exercise. However, a reasonable first approach would be to consider a given 
increase in global mean temperature above a pre-industrial reference level as equally bad regardless of when it 
occurs. Based on this, early calculations [1] indicate that significant escape to the atmosphere that occurs overall 
period of more than 10 000 years will not seriously affect the global climate. 
Since there are mechanisms other than man-effectuated geological storage that removes CO2 from the 
atmosphere, a given amount of escaped CO2 will have different effects on the global climate depending on the 
profile of the annual leakage rates associated with the escape. Thus it is important to investigate the mechanisms by 
which CO2 may escape from a storage site and into the oceans or atmosphere, and the associated escape rate profiles 
for the different mechanisms. 
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Other work has studied potential leakage rate profiles for leakage through wells, fractures and faults [1–3]. Of 
these leakage mechanisms, leakage through wells will lead to relatively localized leakage, and it can be argued that 
it will be possible to remedy such leakage without any significant amount escaping to the ocean or atmosphere. 
Diffuse leakage through fractures or pore-space of the cap-rock, on the other hand, will be more difficult to detect 
and remedy. These mechanisms may therefore be the largest contributor to leakage of stored CO2. 
In this paper results from modelling and simulation of leakage from aquifer storage of CO2 are presented. The 
focus is on buoyancy driven migration of CO2 through the cap-rock from a shallow aquifer, facilitated by the 
presence of sand-bodies and channels with higher permeability in an otherwise low-permeable cap-rock. 
2. Depositional environment for conceptual models 
One of the important types of cap-rock for potential saline aquifer storage sites is shale. This is a fine-grained 
material with generally low permeability and high capillary entrance pressure for CO2, giving good retaining 
properties. Shale layers have been deposited in many regions, such as the North Sea, as the deep part of prograding 
delta systems. The shallow parts of such systems, with coarser material, may form gravitationally unstable deposits 
that are the source of turbidite flows that dig channels through the deeper deposits and leave coarse-grained, high-
permeable channels and lobes in the otherwise low-permeable shale layers. Networks of such lobes and channels 
may create potential weak points in the cap-rock where any CO2 stored underneath may leak to shallower 
formations and potentially to the ocean or atmosphere. 
In this study two variations of the above depositional scenario are examined, both borrowing ideas for the 
geological model from the depositional environment that created the younger sedimentary basins in the North Sea. 
The first model scenario, the lobe model, considers a situation where, during deposition of the cap-rock shale, a 
high number of lobes of coarse-grained material from turbidite flows have accumulated in a relatively small region. 
If the volume fraction of coarse-grained sediments is high enough and the lobes are overlapping to a high enough 
degree they will form a connected high-permeable pathway through the otherwise tight cap-rock.  
The second model scenario, the channel model, considers a region where a number of turbidite channels, also 
with high-permeable coarse-grained material, form a connecting pathway from a storage formation to the sediments 
above the shale layers. 
3. Simulation models 
3.1. Lobe model 
The lobe simulation model has an extent of 7200 m times 7200 m laterally, with 100 m times 100 m grid block 
size. The top of the model is at 80 m depth, and the reservoir formation starts at 800 m. The cap-rock is modelled as 
a sequence of shale layers with randomly placed patches of high permeability, representing the turbidite lobes. Each 
patch has an extent of 300 m times 400 m. For a sequence of cap-rock simulation grid layers the fraction of high-
permeability grid blocks is around 0.23. Each shale layer in the simulation grid has a thickness of 10 m. Figure 1.a 
shows the distribution of lobes in a sample layer from the cap-rock. 
Several models were built with varying total thickness of the cap-rock. This was done by stacking several 11-
layer sequences of shale/lobes. Above the shale layers, the simulation model is homogeneous. Figure 1.b shows a 
view of the permeability of the model with two sequences of shale layers forming the cap-rock. 
Since the main concern of the simulation is the migration of CO2 through the cap-rock, no advanced modelling of 
the reservoir formation is done. It consists of four layers of uniform high permeability, increasing in thickness 
toward the deepest layers and with a total thickness of 200 m. The model is given a slight dip (~1 degree). 
The high-permeable parts of the model (reservoir, lobes and region above shale layers) are given a porosity of 
0.35. The reservoir and region above the shale layers are given a horizontal permeability of 1000 mD, suitable for 
unconsolidated or weakly consolidated sand. In the base case the lobes are given a horizontal permeability of 
100 mD and the shale is given a porosity of 0.5 and zero permeability. The porosity/permeability relation for shale 
reflects the small pore throats that can be found in this type of sediments. A vertical to horizontal permeability ratio 
of 0.1 is used throughout the model. 
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Variations to the base case properties have been run, mainly to test the effect of nonzero shale permeability and 
varying lobe permeability. 
a)     b)
Figure 1 Illustration of lobe model. a) Random distribution of patches of coarse material (lobes) in the shale-rich cap-rock. b) Complete model 
with two sequences of shale-layers forming the cap rock. The vertical scale is exaggerated 10 times. 
3.2. Channel model 
The channel simulation model has an extent of 3600 m times 3600 m laterally, with 50 m times 50 m grid block 
size. It consists of 48 layers vertically, extending from the surface to a total depth of 1000 m. The lowest five layers 
represent the storage formation, 200 m thick, with increasing layer thickness towards the bottom (2, 3, 5, 40 and 
150 m). The next 16 layers represent a shale-rich cap-rock of 50 m thickness with approximately 10% sand and silt 
from channel material. A new sequence of 16 layers, again 50 m thick, represents more permeable silt, also with 
10% channel material. Above this are sequences of more or less high-permeable sand and silt material towards the 
top of the model. A single top layer of high permeability represents volume outside of the underground, i.e., any gas 
reaching this layer has escaped into the ocean or atmosphere. The second layer from the top starts at 100 m depth. 
Sand and silt in the channel layers are given stochastic distributions with some horizontal correlation. Channels 
are placed by random object generation. The general direction is north-south with some variation. Average channel 
width and thickness are 100 m and 10 m respectively. The meandering of the channels are characterised by 
amplitudes from 600–1000 m and wavelengths of 1000–2000 m. Figure 2.a shows a sample cap-rock layer in the 
model, while Figure 2.b shows the full model. 
The general vertical to horizontal permeability ratio in the model is 0.1, suitable for slow sedimentation rates. 
Since channel material from the turbidite flows is deposited in much more high-energy events, equal horizontal and 
vertical permeability is assumed for this material. The horizontal permeability of sand in the model is set to 
2000 mD for the reservoir, 1000 mD for the region above the channel layers and a distribution with mean 900 mD in 
the channels. The horizontal permeability of silt is set to 10 mD above the channel layers and given a distribution 
with mean 0.9 mD in the channel layers. The porosities used in the model are 0.25 for sand, 0.35 for silt and 0.02 for 
shale. 
a)   b)  
Figure 2 Illustration of channel model. a) Sample cap-rock layer showing a randomly generated channel of high permeability in the shale. b) 
The complete model, top layer not included, showing differences in horizontal permeability. 
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3.3. Scenarios for CO2 flow in reservoir 
A classical scenario for leakage modeling and simulation is to assume that the reservoir part of the simulation 
model represents the complete storage formation. This can be done either by laying out the simulation grid to 
actually cover the formation, or by modeling a smaller part of the formation and adding connections to the rest by 
some kind of connecting-aquifer modelling feature. In both cases it is then assumed that the CO2 injected into the 
reservoir formation will not cross any border in the model. This scenario is used for the lobe model in the present 
study. An injection well is placed towards the deeper end of the reservoir, and CO2 will flow up and along the top of 
the reservoir and accumulate in a structural trap in the shallow end. 
Another scenario, which will be explored for the channel model, is to assume that the simulation model does not 
encompass the injection point for CO2. Rather, the model represents a part of the reservoir and cap-rock that CO2 
injected elsewhere in the reservoir formation will migrate to as the injected gas is redistributed due to buoyancy. In 
this manner, localized regions of the cap-rock of a large storage site may be studied with respect to possible 
consequences of weak spots. 
3.4. Fluid properties 
The properties of CO2 show great variability in the temperature and pressure region relevant for CO2 storage in 
shallow saline aquifers. Custom-made pVT-property tables were prepared based on accurate equation of state 
models and typical geothermal gradient models for the southern North Sea. 
The water phase is given properties consistent with formation water in shallow aquifers in the North Sea. A 
salinity of 3% by weight is used. Dissolution of CO2 into water is included in the modelling. 
3.5. Pressure communication vs. escape route for CO2 
An important distinction needs to be made when discussing weak points in the cap-rock. This is regarding the 
potential for leakage through such weak points. The distinction is between: 
 
x Connections between the reservoir and the formations overlying the cap rock that will allow good pressure-
communication between two formations.  
x Pathways that will/can be traversed by gas moving only due to its buoyancy with respect to the formation fluid 
(water). This will be a subset of the first group. 
 
Existence of pathways belonging to the first group can be easily verified by simply testing for percolation 
between the top and bottom layer, or by doing (fast) single-phase fluid flow simulations. The existence of pathways 
that also belong to the second group must be tested by doing multi-phase fluid flow simulations. Figure 3 illustrates 
pressure communication testing of the shale cap-rock in the channel model. The cap-rock part of the model is placed 
between two permeable regions in a single-phase simulation model. A short simulation is run with a high-rate 
injection in the lower region. If the high-permeable parts of the cap-rock form a connecting system from the lower to 
the upper layer, pressure in the upper region will start to increase. The figure shows the parts of the model with high 
pressure after a period of injection. From the gradual change in pressure along one pathway it can be seen that the 
channel system allows pressure to propagate to the upper region. The parts of the channel system without colour 
gradient represents dead-ends, i.e., parts of the channel system that only connects to one or to neither of the upper 
and lower regions. For this particular model the potential leakage path connects to the upper level at two points. 
Reaching one of these (to the right in the figure) requires going down to a deeper channel again at one part of the 
path. This section will function as a water lock for gas flow, and will require a certain overpressure or difference in 
hydrostatic head before gas may flow through. If CO2 is flowing from the storage reservoir only by buoyancy or 
with a too small overpressure in the reservoir, the gas phase pressure at the lock may not exceed the required 
threshold, and this part of the leakage path will consequently not contribute to escape. 
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a)   b)  
 
c)  
Figure 3 a) Pressure communication testing of channel model cap-rock. Connection to the above layers can be found at the marked spots. b) 
Gas flow with overpressure in lower region. c) Actual flow realised when buoyancy is only driver. The rightmost leakage point is not active. The 
vertical scale is exaggerated 20 times. 
4. Simulation results 
4.1. Lobe model 
For the lobe model, the injection point for CO2 is inside of the simulation model, at the deep end of the reservoir 
part. Injection is performed at a constant rate of 2 million tonne of CO2 per year for 40 years. As the injected gas 
migrates up-dip away from the injection point along the top of the reservoir formation it will come into contact with 
the high-permeable lobes in the cap-rock. Many of the lobes in the lowest cap-rock level leads to dead ends in the 
high-permeable pathways and has no connection to the upper level. Gas entering these pathways will remain trapped 
in the underground even if it has migrated out of the primary storage formation.  
Figure 4 shows a snapshot of the gas-saturation in the model 500 years after start of injection for the model with 
4 shale cap-rock sequences. At this time CO2 has just reached the topmost layer in the model. Note the significant 
amount of gas in dead-ends in the lowermost cap-rock sequence. For the second to fourth sequence, only the 
connecting pathway is gas-filled, since dead-end pathways can not be reached by the gas. 
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Figure 4 Distribution of gas in lobe model with four cap-rock shale sequences after 500 years. CO2 has collected at the structural high of the 
reservoir formation and is migrating through the connecting pathway through the cap-rock. At this time the CO2 has just reached the topmost 
layer and starts to leak to the ocean/atmosphere. Note the gas saturation in dead-ends in the lowermost cap-rock sequence. The vertical scale is 
exaggerated four times. 
Increasing the total thickness of the cap-rock, by adding more shale/lobe sequences results in reduced total 
amount of gas leaking to the biosphere. Figure 5 shows the simulation results for models with different total 
thickness of shale. The figure shows the cumulative amount of gas reaching the top of the model, i.e., gas that leaks 
to the ocean of atmosphere. The calculated leakage for five shale sequences is higher than for four, probably due to 
rounding errors. Note the increasing lead-time before leakage starts, and the lower leakage rates for the higher total 
































Figure 5 Cumulative leakage from models with varying number of cap-rock shale sequences. 
 
4.2. Channel model 
For the channel model, it is assumed that the CO2 enters the modelled region of the reservoir, with a weak spot in 
the cap-rock, after migrating for some distance from an injection point. The migration speed used is comparable to 
the speed of migration seen in the long-term simulations similar to the studies in [5]. Consequently, in the present 
study CO2 enters the model along part of the eastern side at a rate of 50 000 Sm3 per day, corresponding to 34 
thousand tonne of CO2 per year. At this rate, the injected CO2 fills up the top reservoir layer and reaches the western 
border of the model after 120 years, corresponding to a gas front migration speed of 30 m/year. This migration 
pattern is modelled by wells injecting at constant rate along the eastern border, and wells producing at hydrostatic 
pressure along the western border. 
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As for the lobe model CO2 will enter channels connecting to the top of the reservoir, flowing by its buoyancy. 
The pathway connecting to the top of the cap-rock is gradually filled and the first gas moves past the top of the 
shale-part of the cap-rock after 200 years. Figure 6 shows a snap-shot of the gas saturation in the model 500 years 
after start of simulation. 
 
   
Figure 6 Gas saturation in the channel model after 500 years of simulation. The gas in the reservoir is at the bottom. Gas in the channels has 
reached the leakage point and entered into the layers above the shale cap-rock. The vertical scale is exaggerated 10 times. 
5. Fit to simple mathematical expression 
The CO2 stored underground will have to be distributed among a large number of individual storage sites. In 
order to fulfil given targets on maximum future atmospheric CO2 concentrations, the combined quality of the 
storage sites must be good enough. Evidently, the quality of storage sites will vary. Thus, some stochastic modelling 
of individual storage site behaviour will be necessary. Fitting results from modelling and simulations like those 
performed in this study to simple mathematical models will enable fast calculations, and thus facilitate this further 
analysis. 
The results of simulations on the lobe model are fitted to an analytical expression with the following 
characteristics based on observation of the results: A delay before significant leakage to the ocean/atmosphere 
occurs and a dispersion in time of the leakage that grows more pronounced with longer initial delays. The relation 
between dispersion and delay can be explained on a more general basis by observing that the further the CO2 needs 
to migrate to reach a point where it can leak to the atmosphere, and the longer time it needs to do this, the larger the 
lateral distribution the CO2 will achieve. This will reduce the intensity of the leakage. The increasing delay and 
associated lateral distribution will also lead to an increase in the amount of CO2 dissolved in water, and thus to a 
reduction in the amount available for leakage. 
A possible first attempt at a simple expression fulfilling the requirements is the Beta distribution function: 
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where f is the leakage rate at time t (in years after start of injection) and 0 is the offset time before leakage 
starts. Some of the injected CO
0t !
2 will be trapped by mechanisms such as pore-level residual saturation, local 
topographic highs or dead ends in the leakage pathway, and dissolution during the injection period. Such 
mechanisms contribute to make the maximum possible escape less than the injected amount. Thus a constant 1A  is 
included in the above equation. For the lobe simulations a value as low as 0.5 may be suitable. This number is also 
supported by other simulations [4]. Over time, dissolution of CO2 into aquifer waters will reduce the amount of free 
gas available for leakage. This mechanism can be included by setting 0
tA A e W . 
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A comparison of the simulation results and fitted simple expressions is shown in Figure 7. For all fitted lines the 
curve shape parameters 1.45D  and 1.40E  are used. The delay and plateau parameters and fits reasonably well 
to the empirical relations and , where is the number of shale layers. 
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Figure 7 Cumulative escape profiles. Fit of simulation results to simple functions. Simulated cumulative escape shown with circles, cumulative 
escape from fitted curves shown by lines. 
6. Summary and conclusions 
Two variations of migration of CO2 through permeable pathways in otherwise sealing cap-rocks have been 
modelled and simulated using reservoir simulation software. The pathways are assumed to be formed of overlapping 
lobes or channels deposited by turbidite flows during deposition of the shale layers. It is shown that simple 
mathematical expression may extract important features of the simulation results. Such simplified expressions will 
be required e.g. for Monte Carlo simulations of the overall behaviour of a large storage site or for a collection of 
storage sites. 
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